INTRODUCTION
============

The ideal lateral occlusion scheme has been a topic of debate for many years. It has been postulated that the lateral occlusion scheme impacts masticatory function, comfort and aesthetics. Several authors discussed the rationale of each lateral occlusion scheme[@B19] ^,^ [@B23]. It is common throughout prosthodontic treatment that the lateral occlusion scheme be altered by controlling morphologies, alignments and orientations of teeth. The two commonly applied schemes are canine-guided occlusion and group function occlusion. The canine-guided occlusion is a mutually protected occlusion where the vertical and horizontal overlap of the canine teeth causes disengagement of the posterior teeth in the lateral movement of the mandible[@B9]. The group function occlusion is based on multiple contacts between the maxillary and mandibular teeth in lateral movement on the working side[@B9]. It has been speculated that canine-guided occlusion protects the posterior teeth laterally because of the canines' strategic location, anatomy and proprioceptive properties[@B19]. On the other hand, group function occlusion might contribute to a wide distribution of occlusal forces on several teeth instead of a single tooth; thus, the occlusion can be more comfortable and functional[@B23]. However, true clinical evidence supporting either scheme is still lacking, therefore, both schemes are deemed acceptable[@B4] ^,^ [@B24].

More recently, there has been a discussion about the limitations of defining each lateral occlusion scheme, as the occlusal presentation is naturally more complex [@B17]. For example, with different degrees of excursion, the lateral occlusion scheme might differ. Further, any functional occlusion is subjected to changes with time, yet without manifestation of physiological abnormalities[@B2]. It is also acknowledged that most patients are comfortable with their existing dentition and occlusion. Thus, the occlusion scheme can be considered physiological even if it does not fit into any specific category.

Fixed prosthodontic treatment is indicated to alter the tooth morphology, which can eventually alter the lateral occlusion scheme. To date, the authors are not aware of any study that evaluated the impact of fixed prosthodontic treatment on the lateral occlusal scheme. The purpose of this observational study is to evaluate the effect of two forms of fixed prosthodontic planning (conventional and digital diagnostic wax-ups) on lateral occlusion scheme. Further the frequency of each tooth contact will be quantified. The null hypotheses are that the prosthodontic planning will change the lateral occlusion scheme and the frequency of teeth contacts, and there will be a difference between the two forms of prosthodontic planning.

MATERIAL AND METHODS
====================

Models of 10 patients who required fixed prosthodontic treatment (crowns or fixed partial dentures) were collected for this study. [Figure 1](#f01){ref-type="fig"} summarizes the inclusion criteria. The treatment indications were managements of heavily restored dentition, tooth wear, aesthetic problems and short-span edentulous area. For all models, the diagnostic wax-up had an influence on the lateral occlusion scheme. The patients received the treatment at the Oral Health Centre of Western Australia and a human research ethics approval was obtained from the Human Research Ethics Committee of the University of Western Australia (RA/44/1/5079).

Figure 1Inclusion criteria

An irreversible hydrocolloid impression (Alginate, GC America, IL, USA) was taken for each arch and an occlusal relation record was obtained by intra-oral polyvinyl siloxane registration material (GC Exabite, GC America, IL, USA) according to the centric relation position. All the impressions were poured by type III dental stone (Buff Stone, Adelaide Moulding & Casting Supplies, South Australia, Australia). These casts comprised the pre-treatment models. All the models were duplicated twice by reversible hydrocolloid duplicating materials (Magafeel, MKM System, Haanova, Slovakia). On one model, the conventional wax-up was executed and the other model was used for the digital wax-up ([Figure 2](#f02){ref-type="fig"}).

Figure 2Example of the evaluated virtual models. (A) Pre-treatment model; (B) Conventional wax-up model; (C) Digital wax-up model

Conventional wax-up
-------------------

On a semi-adjustable articulator (Whip Mix, Louiseville, KY, USA), one set of duplicate models were articulated according to maximal intercuspation to represent the pre-treatment articulation. The other sets were used for the conventional wax-up and were articulated according to centric relation position with the aid of the intra-oral record. Therefore, after the wax-up, there was be a coincidence between centric relation and maximal intercuspation positions[@B4]. Silicone material putty (Dental Speedex Putty, Coltene/Whaledent AG, Altstatten, Switzerland) was applied on to the buccal aspects of the posterior teeth of the mounted models. This silicone index was used for the digital articulation of the pre-treatment models.

The conventional wax-up procedure involved inlay wax addition on the external tooth surface with the aim of rectifying the defective tooth structure, obtaining natural and aesthetic tooth morphology, achieving symmetry between the two sides, and obtaining even bilateral occlusal contacts. For some patients, an increase of the vertical dimension of occlusion was necessary. All the conventional wax-ups were completed by an experienced dental technician. The dental technician was advised to produce a group function lateral occlusion scheme for the initial excursions with no steep occlusion guidance. On the completed wax-up models, silicone indices were formed on the buccal aspect of the posterior teeth.

A micro-CT scanner (SkyScan, Bruker micro CT, Kontich, Belgium) was used to scan the pre-treatment, conventional wax-up models and the associated silicone indices. The generated Digital Imaging and Communication Medicine (DICOM) images were used to construct virtual 3D Stereolithography (STL) images of the maxillary and mandibular models by a DICOM viewing program (CTvox, Bruker microCT, Kontich, Belgium). The virtual image of the conventional wax-up was used for the subsequent analysis ([Figure 2B](#f02){ref-type="fig"}).

In order to digitally articulate the models, the image registration process by a 3D rendering software package (Geomagic Studio, Raindrop Geomagic Inc., Research Triangle Park, NC, USA) was applied. Initially, corresponding points on common surfaces between the model and the silicone indices were selected to approximate the positions of the images. This was followed by implementing the Iterative Closest Point Algorithm, which re-orients the models according to the best fit principles. The same process was repeated for the other silicone index and the opposing arch. Eventually, the silicone indices were deleted digitally, and the two models were digitally articulated.

Digital wax-up
--------------

The digital wax-up has been discussed in an earlier report[@B1]. In summary, the pre-treatment models and the associated silicone indices were scanned and converted to virtual images. The virtual pre-treatment models were articulated according to the centric relation position. This was achieved by superimposing the virtual pre-treatment models on the virtually articulated conventional wax-up models. The unaltered tissues were used for the registration. A 3D rendering software (Geomagic Studio) was used to execute the digital wax-up. The pre-treatment models were articulated by the process of Image Registration. Virtual physiological teeth (Phonares Teeth, Ivoclar Vivadent AG, Schaan, Liechtenstein) were used to alter the teeth morphologies. The virtual tooth alignment involved size alteration, rotation and translation. Each virtual tooth was fitted manually on the model with the aim of obtaining ideal teeth arrangement, emergence profile, symmetry and aesthetics. After the completion of the wax-up, the scanned model and the virtual teeth were merged to generate a single model ([Figure 2C](#f02){ref-type="fig"}), which enhanced the computation speed of the subsequent analysis.

Virtual simulation of lateral movement
--------------------------------------

For each set of articulated models, the occlusion scheme was evaluated for each working side separately. From the maximal intercuspation position ([Figure 3A](#f03){ref-type="fig"}), four horizontal excursive positions were considered: 0.5 mm, 1.0 mm, 2.0 mm and 3.0 mm ([Figure 3B](#f03){ref-type="fig"} to [Figure 3E](#f03){ref-type="fig"}). The lateral movement was simulated virtually by moving the mandibular arch in the working side horizontally for each specified location. This was followed by gradually moving the mandible vertically away from the maxilla by 0.05 mm increments. Once all the contacts on the working side disappeared, the mandible was moved by 0.05 mm vertically towards the maxilla[@B7]. This process detected the existing working side contacts that dictate the lateral occlusion scheme. Due to the limitation of this process in detecting non-working side contacts, only the working side contacts were considered. Depending on the detected contacts, three occlusion schemes were considered: (1) canine-guided occlusion, (2) group function occlusion, and (3) single tooth-guided occlusion. Canine-occlusion was recorded if the lateral contact occurred on a canine tooth. The occlusion is considered group function occlusion if more than two teeth in one arch were contacting laterally. In situations where the lateral contact occurred on a single tooth other than the canine, the lateral occlusion scheme was considered to be a single tooth-guided occlusion.

Figure 3Example of virtual simulation of lateral movement. (A) Maximal intercuspation; (B) 0.5 mm excursion; (C) 1.0 mm excursion; (D) 2.0 mm excursion; (E) 3.0 mm excursion; red colour indicates the existing contacts

Analysis
--------

For each position, three variables were evaluated: (1) the prevalence of each lateral occlusion scheme (2) the average number of contacting teeth and (3) the percentage of each contacting tooth. All the variables were blotted in bar diagrams. For the last two variables, the maxillary and mandibular teeth contacts were distinguished. In addition, for the average number of contacting teeth, the Kruskall-Wallis test was used to determine the presence of a statistical difference between the different positions (p=0.05). When a significant difference was observed, the Mann-Whitney test was used for *post-hoc* analysis. Further, the difference in the number of teeth in contact between the pre-treatment models and each of the two wax-up models, and between the two wax-up models was evaluated by the Mann-Whitney test (p=0.05). The same test was applied to evaluate the difference between maxillary and mandibular arches for each position.

RESULTS
=======

Prevalence of lateral occlusion scheme
--------------------------------------

As the excursion increases, the lateral occlusion scheme changes for all the evaluated models ([Figure 4](#f04){ref-type="fig"}). Overall, the models exhibited similar patterns of lateral occlusion alterations. For the pre-treatment models ([Figure 4A](#f04){ref-type="fig"}), the prevalence of canine-guided occlusion had increased minimally through the excursion (from 30% to 45%). There was a tendency for the group function occlusion to reduce with increased excursion (from 65% to 20%). The single tooth occlusion had a tendency to increase with increased lateral excursion.

Figure 4Proportion of each lateral occlusion scheme in each excursive position. (A) Pre-treatment models; (B) Conventional wax-up models; (C) Digital wax-up models

For the two wax-up models ([Figure 4B](#f04){ref-type="fig"} and [Figure 4C](#f04){ref-type="fig"}), there was a consistent and gradual increase of canine-guided occlusion (from 20% to 60% for conventional wax-up, and from 0% to 65% for digital wax-up) and a reduction of group function occlusion (from 75% to 15% for conventional wax-up, and from 95% to 29% for digital wax-up) with increased excursion. It appears that the single tooth occlusion had minimally increased as the excursion increased. The overall patterns for the two wax-ups were similar, except that the conventional wax-up had a slightly more even pattern of alteration, while the digital wax-up exhibited steeper occlusion alterations.

Number of contacting teeth
--------------------------

Regardless of the evaluated model, there was a clear pattern of reduction of the average number of teeth in contact by increasing the degree of excursion ([Figure 5](#f05){ref-type="fig"}). For the pre-treatment models, there was a slight reduction in the number of teeth in contact by increasing the degree of excursion, yet there was a statistical difference between all the positions, except between 1.0 mm and 2.0 mm. For the two wax-ups, there was a clear nominal reduction in the number of teeth in contact by increasing the excursion. A statistically significant difference was observed between all the positions, except between 2.0 and 3.0 mm, for the digital wax-up. Between the maxillary and mandibular arches, no statistically significant difference was observed in any position for pre-treatment and the two wax-up models.

Figure 5The mean number of contacting teeth for all the models in each excursive position. (A) Maxillary arch; (B) Mandibular arch

At the 0.5 mm and 1.0 mm excursion positions, the pre-treatment models had significantly less teeth contacting than the two wax-up models. However, at the 2.0 mm and 3.0 mm positions, there was no difference between the pre-treatment and the two wax-up models. At all the positions, there was no statistical difference between the conventional and digital wax-ups.

Percentage of each contacting tooth
-----------------------------------

For all the arches of all the models, and almost at all positions, the canine had the tendency to be the dominant contacting tooth. Further, it appears that the contacts decreased gradually from canines to the more anterior teeth and from the canines to the posterior teeth. However, there were some differences in the frequency and patterns of contacts ([Figure 6](#f06){ref-type="fig"}).

Figure 6Percentage of the contacting teeth in each excursive position for all the models. (A) Pre-treatment maxillary arch; (B) Pre-treatment mandibular arch; (C) Conventional wax-up maxillary arch; (D) Conventional wax-up mandibular arch; (E) Digital wax-up maxillary arch; (F) Digital wax-up mandibular arch

For the pre-treatment models ([Figure 6A](#f06){ref-type="fig"} and [Figure 6B](#f06){ref-type="fig"}), the maxillary arch had frequent canine contacts at all the positions. The lateral incisors, premolars and the first molars had consistent contact at all the positions. In the mandible, there was a reduction in the percentage of canine contacts. Overall, there was similarity in contact frequency between the canines and premolars.

For the conventional wax-up ([Figure 6C](#f06){ref-type="fig"} and [Figure 6D](#f06){ref-type="fig"}), there was a general similarity between the two arches. The canines maintained the frequency of contacts between the positions. The first premolar was the second tooth in the frequency of contacts. For all the remaining teeth, it was clear that the frequency of contacts had a tendency to decrease with increasing the excursion position. The mandibular canines were distinguished in the slight reduction of frequency with increased excursion.

In relation to the digital wax-up ([Figure 6E](#f06){ref-type="fig"} and [Figure 6F](#f06){ref-type="fig"}), the two arches showed similar patterns and frequency. The frequency of the canines contacts had increased with excursion, while the remaining teeth contact frequency had decreased significantly with excursion.

DISCUSSION
==========

This study indicates that conventionally and digitally planned prosthodontic treatment influence the lateral occlusion in relation to the prevalence of each scheme at different positions, and the contacting teeth type and quantity. Therefore, the hypothesis that the prosthodontic planning will impact the dynamic occlusion was accepted. Such a finding supports that the lateral occlusion scheme should be carefully considered before and after the treatment.

In this study, multiple lateral locations were considered in order to provide an insight about the possible contact pattern from the immediate excursion to the maximal excursion (about 3 mm)[@B17]. This was found to be more clinically relevant than only evaluating the lateral occlusion at maximal excursion[@B22] ^,^ [@B27]. Guiding contacts at the 3 mm position might occur primarily during parafunctional activity and bruxism in the edge-to-edge position. However, occlusal guiding during mastication and physiological movement tends to occur within 0.5 mm from the maximal intercuspation[@B15] ^,^ [@B16]. Therefore, the range evaluated in this study covers functional and parafunctional jaw movement.

In relation to the prevalence of each lateral occlusion scheme, it is clear that with greater excursion, the prevalence of canine-guided occlusion tends to increase. This was in accordance with the studies that evaluated the prevalence of each lateral occlusion scheme at different positions for the natural dentitions of young participants[@B3] ^,^ [@B28]. Yaffe and Ehlrich[@B28] (1987) evaluated the prevalence of the different lateral occlusion schemes at 1.0, 2.0 and 3.0 mm excursions. They found that the prevalence of canine-guided occlusion had increased from 16.1% to 48.6%, and the group function occlusion had reduced from 83.9% to 51.5%. A similar finding was observed by Al-Nimri, et al.[@B3] (2010), when they evaluated the prevalence of the lateral occlusion scheme at 0.5 and 3 mm positions. They found that the prevalence of canine-guided occlusion had increased from 21.9% to 59.6%, and the prevalence of group function had reduced from 45.3% to 23.9%. Although the present study evaluated the lateral occlusion scheme of restored dentitions, overall, the figures supported the outcome of the earlier studies. The differences in documenting the prevalence of each occlusion scheme could be related to the different classification and recording methods of the lateral occlusion scheme[@B2] ^,^ [@B17]. In addition, it is important to emphasize that a single lateral occlusion scheme did not exist for any model for the entire excursive path. Therefore, in accordance with all the published clinical studies, true canine-guided occlusion or group function occlusion seldom exists clinically[@B2] ^,^ [@B4] ^,^ [@B24] ^,^ [@B27].

The dynamic nature of the lateral occlusion scheme at the different arch positions is attributed to teeth morphological factors. In the initial phase of excursion, the cusps are articulated against wider fossa surfaces[@B21]. As excursion progresses, the total contact area is reduced, which means less teeth will be in contact. This observation supports the concepts of "progressive occlusion", in which many teeth initially control the occlusion, followed primarily by the canines during the maximal excursion[@B8] ^,^ [@B10]. This occlusion scheme appears to be more physiologically relevant than a single occlusion scheme that controls the lateral movement through the entire excursion. This complex relationship might have a protective role in tolerating lateral forces[@B28]. Physiologically, it is thought that such an arrangement is advantageous in facilitating smooth multidirectional movement of the mandibular arch, which might reduce the risk of patient discomfort[@B21]. Further, broad occlusal contact areas were found to be helpful in mitigating excessive occlusal forces on teeth[@B11], which might contribute to the dissipation of sudden lateral forces on the teeth. In addition, the greater prevalence of group function occlusion means that greater contacts at less lateral movement can enhance the occlusal phase of chewing[@B25].

The pattern of lateral occlusion scheme alteration with different excursion was observed for the pre-treatment and wax-up models. However, the wax-up models had more consistent gradual occlusion scheme changes. This might be due to the pre-treatment dentitions suffering from morphological abnormalities, such as tooth wear or failed restorations. Subsequently, a wider contact area between worn down teeth might be evident and will maintain a greater number of contacts, even after maximal excursion[@B5]. Whereas the dentitions of the wax-up models had restored natural dental morphology and less prominent wear facets, which can produce steeper articulation and cause a consistent reduction of the total number of tooth contacts during excursion. This was evident in the initial phases of excursion (0.5-1.0 mm), in which the contacts quantity was significantly greater for the two wax-up models than at the later stages of excursion. In addition, it was clear that the proportion of canine-guided occlusion at later stages of excursion was greater for the two wax-ups than for the pre-treatment models. This was also likely to be related to restoring the cuspal morphology of the canines to the original canine morphology. The studies that evaluated the implication of individual age on excursion scheme confirmed that the younger the individual, the greater the prevalence of canine-guided occlusion[@B2] ^,^ [@B18]. This was attributed to the prominent dental morphology and less cuspal wear of the young dentitions[@B2] ^,^ [@B18]. Therefore, it could be speculated that the planned prosthodontic treatment can return the dentition occlusion scheme closer to its original state. Between the two wax-ups, some differences were observed, but not to a significant level. Thus, it is difficult to assume that a different wax-up protocol will produce a different outcome on the final treatment. Therefore, the hypothesis that there will be a difference between the two prosthodontic planning procedures was rejected.

It is clear that at all positions, the canines had the greatest number of contacts. The significant contribution of canines was observed even after partial excursion, where group function occlusion was dominating. This reflects the importance of canines for lateral occlusion scheme development. This finding corroborates the observation by several earlier investigations[@B12] ^,^ [@B13] ^,^ [@B17] ^,^ [@B28]. Ogawa, et al.[@B17] (1998), on natural and young dentition, found that the canines were contacting in about 70% of the excursive positions, which was similar to the outcome of our pre-treatment models in the present study. Such a finding supports the protective role of canines during the lateral occlusal movements. The dominance of canines is related to two factors: the canine's morphology and position. The canines are innately long teeth, which tend to have more prominent cuspal morphology, which controls the articulation against the opposing teeth[@B19]. As the excursion starts, the canines are in contact; however, with increased excursion the canines will play a greater role and it is more likely for the other teeth to be out of occlusion. As the working side condyle rotate and the non-working side condyle slides, the working side canine is positioned in the corner, where interferences control occlusal guidance[@B6]. The importance of the location in the arch explains the reason why the teeth immediately adjacent to the canine tend to have frequent occlusal contacts. Likewise, as the teeth are more distant from the canines, they are less likely to be in contact on the working side[@B6] ^,^ [@B17]. Although some investigators had found that group function was more common, for a great portion of their participants the group function occlusion was composed of canine and premolar occlusion, which reinforces the importance of the location in the arch[@B12] ^,^ [@B13] ^,^ [@B26]. The strategic importance of canines is further supported by being the most vulnerable teeth for attrition[@B19] ^,^ [@B26]. Therefore, regardless of the observed lateral occlusion scheme, it could be stated that the canines are significant teeth to control the lateral occlusion[@B19].

Following the prosthodontic planning, it was clear that the frequency of the canine contact was increased, followed primarily by the first premolars. As stated earlier, this was attributed to restoring the original canine cuspal morphology, while the canines of pre-treatment models suffered from greater tooth wear[@B5]. Therefore, after the prosthodontic planning, a greater protective role of canines was more evident. The two wax-ups were very similar in the prevalence of the lateral occlusion scheme and the pattern of occlusal contacts frequency. However, for the digital wax-up, there appeared to be an exaggerated role of the canine teeth from the greater frequency of canine contacts. The most likely explanation is the well-defined dental morphologies that can be attained digitally by the software[@B14]. On the other hand, this means that the digital wax-up can produce a steeper lateral occlusion than the conventional wax-up, which can result in more restricted lateral movement. Although this may have clinical implications, like patient discomfort[@B21], such assumption should be confirmed by additional studies.

Despite the lack of significant statistical difference between the two wax-up protocols applied in this study, it is important to reinforce that the digital wax-up is still in its early phase of application and requires additional investigation. For example, for the digital wax-up to be applicable clinically, the models have to be produced by computer-aided manufacturing, which will inevitably influence the accuracy of the lateral occlusal contacts. Further, the methodology of this study is limited by not considering the non-working side contacts, which could influence the observed lateral occlusion scheme. The omission of observing the non-working side contacts was necessary, as virtual modelling of the condylar movement is very imprecise[@B20]. However, as the digital wax-up is associated with steeper occlusal surfaces, the likelihood of developing non-working side contacts is higher.

CONCLUSION
==========

Given the limitations of the present study, the following can be concluded:

The prosthodontic planning influenced the pattern of the lateral occlusion scheme. The influence of the alteration tends to be more prominent at the initial stages of excursion.

For all the models, the initial phase of excursion involved a greater number of contacting teeth and higher prevalence of group function occlusion than maximal excursion. Canine-guided occlusion tends to be more prevalent at the later stage of excursion.

Overall, the difference in the number and pattern of contacts is very minimal between the two wax-ups.
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